INVESTIGATION OF CONTINENTAL DRIFT

Phase-1I Effort:

Contract NSR 09-015-079
Final Report

1 October 1968 through 15 March 1969

April 1969

Principal Investigator: Dr. Mario D. Grossi

7
L3

L3

Prepatred for

National Aerbnautics and Space Administration .
Washington, P C. 20546

N69-25155

ot
(ACCESSION NUNSSR)
0

THME OR AD NUMBER):

Smithsonian Institution
08 wuos ALIOVA Astrophysical Observatory
Cambridge, Massachusetts 02138

et [ PO anme o o . i s oo o




INVESTICATION OF CONTINENTAL DRIFT

Phase-1I Effort

Contract NSR 09-015-079
Final Report

1 October 1968 through 15 March 1969

April 1969

Principal Investigator: Dr. Mario D. Grossi

Prepared for

National Aeronautics and Space Administration
Washington, D. C. 20546

Smithsonian Institution
Astrnphysical Observatory
Cambridge, Massachusectts 02138




Section -

TABLE OF CONTENTS

SUMMARY .. ... . . e e . RN
RESULTS OF RECENT GEOLOGICAL INVESTIGATIONS
2.1 Magnetic and Seismic Data . . ......... .
2.2 Geochronological Results . .. ....... .o

2.3 Siratigraphic Matching of Geosynclinal Basins: Brazil-

Gabon . .

2.4 Conclusion. .. ...

-----

ooooooooooo @ & o 6 4 % s e s s s e e s

e o

OPERATIONAL CONSIDERATIONS AND INSTRUMENTATION .

3.1 Test Plan

e o e s o o

3.2 Principal Sources of Error .. ... .. SN
3.3 Radio-Antenna Survey. ... ........ N

3.4 Artificial RadioSeutees . . . . . . v o0 v v vt

3.5 Instrumentation

3.5.1 Antenna-selection criteria., . ......

o o

3.5.2 Front-end requirements . ... ... 0 0o

3. 5.3 Data-conditioning and recording subsystem ... ..

3.5.4 Timing and frequency control. . ........ .
CORRECTIONS FOR TROPOSPHERIC AND IONOSPHERIC
EFFECTS. .. ... .00 e et e e e
REFERENCES. . . . .t vttt o v oo oo v .

ii

10

11
12

13

15
.21
26
27
29
29
31
35

39
48

AL




INVESTIGATION OF CONTINENTAL. DRIFT
Phase-I1 Effort

Contract NSR 09-015-079
Final Report

I. SUMMARY

Stanley Ross

- Our efforts during Phase II were concenttated on designing a plan for an
initial very long baseline interferométry (VLBI) observation program to eval-
uate the accuracy of selected interferometer configurations. This approach
is 'intended to provide a.means for quantitatively examining the effecti(reness
of the interferometer technique for a variety of earth measurements. Speciai
emp}masis wasg applied to the following areas of investigafion:

A) A screening of existing radio antennas to determine those most suit-
able for conducting the type of expérimental program-envisioned. . '

B) A i)relimina.ry analysis of the effects of major uncertainties on the
accuracy achievable with a VLB interferometer. ’

C) Forv those sites of most interest, a check of aviilable equipment for
the acquisition, recording, and processing of the received signals.

D) An investigation of the :Japtability of existing methods and instru-

~ mentation to the measurement of the columnar refractivity (atmosphéric and

ionospheric) along the ray path of the radio star.

E) A survey of natural and attificial radio sources to determine those
most suitable for conducting the program.,

F) Further investigations toward improving the data-processing capa-
bilities at Smithsonian Astrophysical Observatoty (SAO) for reducing the
received signals.




G) Formulation of a draft plan fc;r a schedule of observations to satisfy
the study objectives.

Estimates of the time, manpower, equipment, and funding necessary to
carry out the program are given in SAO's follow-on proposal for The
Application of VLB Interferometry to Earth Measurements,

In formulating the obseérvation plan, we stressed those aspects of VLBI.
that are appropriate to the measurement of continental d.“.t,. although con-
sideration was also given to a numbér of other suggestions for earth measure-
ments that the Phase-I study had identified.

From the list of candidate experiments we structured an initial program
whose results should be applicable to many classes of earth measurements
and whose scope should permit us to pr_qceed further across a wide front if
the results of the initial program are encouraging.

The conclusions of thée study are the following:

1) The initial observation program calls for three major groups of
measurement's, the first being to conduct a precursor experiment to talibrate
the SAO instrumentation over a short baseline in the Boston area; the second,

' to test the accuracy of the VLBI measurements against independently obtained
data; and the third, to obtain fringes from a satellite-borne transponder in

an attempt to study the design and operational problems of VLB interferome-
try using artificial sources. '

2) Tropospheric and ionsopheric distortion of the radio-freq\iency sig-
nals remains the single most troublesome source of error, and simultaneous,
direct ﬁrobing still appears to be the ohly method of apptoach “hat can permit
measurements te be made to an accuracy consistent with the requirements
for detecting continental drift. We have placed increased emphasis on evalu-
ating this technique in connection with the use of balloons at altitudes te per-
haps 20 km.

¢ esam




The study.identificd sceveral existing antenna facilities that would be suit-
able for the program we are contemplating, We visited most of these sites
and spoke at length with personncl involved in the operation of the antennas.
Thesec individuals were in every instance gencrously hospitable and enthusi -
astic in support of our goals, In spite of this keen interest, however, many
of the instruments arc already heavily committed to a wide variety of other
programs, and we have come to appreciate the extreme desirability of having
at our disposal antennas that arce freely available to our own program for the
considerable amounts of time required. In this conncctlon, it is our upinion
that many of the capabilitics represented within the existing National Aero-
nautics and Space Administration (NASA) tracking networks would be very
well suited to a VLB interferometry program for carth measurements, and
we have recommended that cognizant NASA officials give serious considera-
tion to dcdica;ting some of these instruments to the pursuit of such a program

during slack periods in their schedules.

There also exist a few other sites at which. the interest in participating
i ~uch a program is so strong that it would be advisable to give serious con-
s1deration to them as well, Of particular importance in this regard are the
Vermilion River Observatory (VRO) in Danville, lllinois, at which a new 120-ft
dish is being built by the University of Illinois, and the SAO-HCO (Harvard
College Obscervatory) 84-1t Agassiz antenna at Harvard, Massachusetts. There
are also many sites with smaller antennas of high quality, often readily avail-
able, to which it would be well to address ourselves, since the measurement
oi geophysical phenomena may have to be carried out at many sites where
large antennas do not exist, The success of any program for measuring con-
tinental drift, for instance, inay depend un how effectively we can employ
small, perhaps portable, antennas at remote locations around the globe and
it is important to begin to bursue this line of application as soon as the initial

verification tests with large antennas have been completed.

The diversity of recciving equipment in use at different facilities was an
important factor in shaping the details of the program, and the general un-
avajlability of suitable high-bandwidth recording equipment heavily influenced

the decision to build a transportable VLB back-end for our own usc. In
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considering the computational expense associated with the great quantity of
measurements anticipated, we became aware of thc necessity for building a
digital correlator expressly for the program if costs are to be kept within
reason. The correlator and the recording back-end will therifzre have to be
keyed to each other; the design of the two sets of equipment is a subject

for our -ontinuing research.

It is not our purpuvse to propose Or develop new conceptual advances in
instrumentation, but rather to adapt the program to equipment that is cur-
rently available off-the-shelf. Consequently, our choice of instrumentation
for the VLB back-end was limited to readily obtainable hardware items of
proved reliability. However, Several new approaches have been started by a
nuxnber of groups in an effort to increase recording bandwidths. Notable
among these are the sampled-frequency multiplexer described by the
Massachusetts Institute of Technology (MIT) Lincoln Laboratary (cf.
Hinteregger, 1968), and the extended-bandwidth recorders currently under
developmeént by Ampex under National Radio Astronomy Observatory (NRAQ)
sponsorship and by Algonquin Radio Observatory (ARO} in Canada. These
approaches should be capable of increasing the achievible bandwidth by at
least an order of magnitude in the near future. Although such systems exist
only in experimental form at present, we look forward to applying such new
advances to the improvement of our own interferometer performance as soon

¢ they become generaiiy available.

We feel that the system we have specified for tk. ... «.iminary measure-
ment progtam should be capable of determining baseline length to an accuracy
of some 50 m initially, and to somewhat better than half this amount at the
next stage of refinement, This degree of accuracy will permit us fo evaluate
the sensitivity of the VLB technique, at least for the interferometer configu-
rations adopted, and at the same time give us enough operational experience
to choose the most effective means for improving the accuracy in subsequent
phases of the study. Adopting a 50-m figure of accuracy for the initial meas-
ufements permits an interferometer of modest accuracy to be used for this
phase of the program or, alternatively, it permits weaker radio stars to be

used as source objects. We show below that stellar sources of about 5 to 10




flux units should suffice to give us measuremente of the desired accuracy.‘
Finding appropriate sources, therefore, does not appear to be a serious
problem at this stage, and the matter becomes primarily one of choosing
stars that are most favorably positioned relative to the adopted baselines, ..’
The problem of optimizirg the choice of stellar-source position will be
studied during the next phase of work.

Insofar as geological developments are concerned, evidence tending to
support the existence of sea-floor spreading as a mechanism for producing
continental drift has continued to accumulate, and we are including in the
present report a summary of recent magnetic, seismic, and geochrono-
logical findings, pertinent to this study, that have come to light recently.
Broad outlines are beginning to emerge of a system of global tectonirs in
close dynamiic relationship to the rotation, precession, and wobble of the
earth.

During the period since our last summary report, the SAO staff has
been augmented by Drs. 1. 1. Shapiro and N. C. Mathur, whose contributions .
to our further efforts on this contract will play a significant role in accel-
erating the progress toward the study goals.




2. RESULTS OF RECENT GEOLOGICAL LIVESTIGATIONS
Ursula B, Marvin

Fvidence tending to confirm the reality of continernial drift hos continued
to accumulate during the past half-ycar, The general concept of sca-floor
spreading, with the genceration of new crust along the oceanic ridges compen-
sated for by crustal destruction at the deep trenches, i8 now supported by so
many geophysical observations that the large-scale migration of crustal
blocks, both oceanic and continental, scerms no longer in serioue doubt. De-
tails of the model Change as new measurements reveal special problems.
The broad outlines are cmoerging, however, of a plobal synthesis in which
many geological phenomena, inchading tectonic movements, magnetic re-
versals, and climatic fludtuaiyvoug, are seen as interrelated and influenced
by the dynainicys of the rotatiog, prevession, and wobble of the earth.

3

. Mugnetic and Scismic Data

To date, the pattern of sea-floor spreading has been outlined, on the
basis of niagnetic and scismic data, for about half of the world's oceanic
arca. The linear belts of magnetic anomalies paralleling the oceanic ridges
have yielded evidence of 171 reversals of the geomagnetic pole during the
past 76 million years, from the late Cretaceous to the present. A tentative
magnetic time scalc has been constructed by assigning ages to each succes-
sive anomaly belt. By this means "isochrons, " or lines of equal age, ranging
from 10 to 80 million years, have been drawn on ocean floor maps (see Fig-
ure 1, Heirtzler, 1968).

These isochrons indicate different spreading rates in different oceans
and across separate ridge segments in the same ocean. The highest rates
of spreading, ranging up to 10 cm per year, appear to have occurred across
the East Pacific rise. In the Atlantic the spreading rates of about 2 cm per
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year, deduced from the magnetic time scale, are in good agreement with
those estimated from fossil and paleoclimatic evidence for the bredkup of
Gondwanaland and the separation of Africa and South America. Both lines
of evidence suggest that the Atlantic is a young ocean that began to rift be-
tween 100 and 200 million years ago, in the Jurassic.

According to recent interpretations of seismic data from the oceanic
ridges, the active slip occurs mainly along the planes between offset ridge
crests and the direction of first movement indicates that these slip planes
are indecd transform faults, as was predicted by Wilson (1965). Geometric
analyses have demonstrated that the ridge-crest segments and their connec-
ting transform fault lines tend to lie at right angles to one another and can be
protted upun a globe as longitudes and latitudes around a pole of spreading as
shown in Figure 2. The pules of spreading are not the same for all oceans, and
they apparently migrate with time for any one ocean. The present-day spread-
ing poles for the Pacific Ocean and the South Atlantic arc cssentially identical
and lie very cloge to the earth's magnetic poles. The poles of spreading de-
duced for these oceans in the Cretaceous lay close to the Cretaceous még-
netic pole (Heirteler, 1968), Thus, it appears that the gross pattern of
carth movements is influcnced by ti.e same forces that govern the magnetic

ficld with its chenges in distribution, intensity, and polarity.

The ridge crests are extensional zones where sea-floor spreading is
accomplished mainty by dike-like intrusions accompanied by shallow-focus
cartbquakes but relatively little effusive volcanism. The compensating de-
struction of crustal material occurs mainly in compressicnal zones along
devp trenches and continental margins where the ocean floor is warped down-
ward into the upper mantle. Most active volcanism and virtually all the
world's deep-focus carthquakes occur along these zones, of which the Pacific .
maruin is the prime example. Here the introduction of oceanic bedrock and

scdiments into the mantle may account for the andesitic petrology of the

volcanic mountain chains riramirg the Pacific Occan (Dickinson and Hatherton, |
1967},




POLE OF POLE OF
ROTATION SPREADING

Figure 2. From Heirtzler (1968).

The absence of deep crenches and of volcanism along the Atlantic margins
suygests that here the spreading sea floors are pushing continental masses
ahead of them without immediate destruction of crust at the continental borders.
If this is so, the spreading of the sea floor at the Mid-Atlantic ridge must
involve crustal shortening in some distant part of the world. Indeed, the
long-distance effects of carth movements are becoming recognized as an im-
portant aspect of global tectonics. A reinterpretation of seismic records
suggests that crustal blocks arc affected for thousands rather than only tens

or hundrcds of miles from carthquake epicenters. This view places individu-
al earthquakes as events of global rather than local significance and validates

the search for succeecding crustal movements halfway around the world (Press,
1965).




A striking correlation has recently been disvovered hetween the occur-
- rence of major earthquakes (Richter magnitude oves = %) and changes in the
Chandler wobble of the carth's axis of rotation. Reported by Smylie and

Mansinha (1968), this correlation clearly supgests a caveal relationship be-

tween earth movements and minor variations in the ca rth's rotation system.

The precession and wobble of the earth have also been credited with
changes in the earth's magnetic field (Malkus, 1968) and with large-scale
variations in climate accompanied by faunal extinctions. New observations
tend to confirm the 30-year old, and formerly discredited, theory of
Milankovitch that glacial periods are controlled by the insolation pattern re-
sulting from precession (Broecker, Thurber, Goddard, Ku, Matthews, and
Mesolella, 1968).

These new data and interpreations imply a geological[ geophysical syn-
thesis in which planetary diastrophism and the fluctuations of the geomagnetic
field and of the earth's climate are seen as interrelated and governed, ulti-

mately, by the dynamics of the earth's rotation.

2.2 Geochronological Results

In the past, one of the more effective criticisms of the continental -drift
hypothesis as proposed by Wegener and DuToit was that it‘treated the
Cretaceous-Te rtiary continental breakup as unique and 8o accounted for only
the latest episode of crustal deformation and orogeny among the many recog-
nized in the geological record. In recent years, J. Tuzo Wilson has postu-
lated the repeated opening and closing of the Atlantic Occan and the move-
ment of other continental masses in earlier geological puriods. Recently,
however, the results of an extehsive program of dating of continental rocks
by the K-Ar and the Sr-Rb methods have persuaded prof. P. M. Hurley and
his coworkers that the breakup of contincntal masses, initiated abont 200
million years ago, was indeed a unique event ahd that there was ne 'pre —sirift
drift" (Hurley and Rand, 1968).

10




Radiation-age data on samples of basement rock are now available for
about 68% of the continental area. These data indicate that the total extent of
sialic crust was much smaller in the Precambrian and that the evolution of
new crustal material has since been occurring at an accelerating rate:

45, 000 m2 pg_millioﬁ years, 2,000 million years ago,to 120,000 m2 per
million years in recent earth history (Hurley and Rand, 1968).

When the Precambrian terrains are plotted on pre-Cretaceous-drift re-
construction maps, they tend to coalesce into two large shiv .ds of ancient
rock bordered and embayed by belts of younger materials. This pattern
seems an unlikely one if the Precambrian sialic masses originated and grew
as several independewnt nucleii and then drifted together before the Jurassic
period. It is Hurley's conclusion, therefore, that the ancient sialic crust
formed and remained as two large, growing massifs until the Mesozoic,
when some fundamental change in the carth's internal dynamics triggered
continental drift. Tests are under way to determine how well paleomagnetic
data support the details of this interpretation. Meanwhile, Alexander DuToit's
postulated continents of Gondwanaland and Laurasia are revived or confirmed

by the latest results from geochronology.

2.3 Stratigraphic Matching of Geosynclinal Basins: Brazil-Gabon

New data on the stratigraphy of the Propria geosyncline in Sergipe,
Brazil, show a strong correlation with those on a geosyncline in Gabon, West
Africa (Allard, Gilles, and Hurst, 1969). These two structural basins, now
truncated by the Atlantic coastlines, appear as one unit striking Northwest-
Southeast on the pre-Cretaceous reconstruction map of Bullard, Everett,
and Smith (1965, Figure 3). In both structural basins, Juraésic rocks lie
directly upon late Precambrian formations of similar lithology and metamor-
phic grade. The whole Paleozoic and early Mesozoic sections are missing.
The Lower Cretaceous sections share similar sequences of nonmarine for-
mations, similar hydrocarbon occurrences, several identical species of

fossil fish, and 30 identical species of ostracods. In each basin, the Upper

Cretaceous begins with a salt deposit that apparently marks the first




APPUALdne e ot e o o v~ sy the coast of either Sorgipe or

Gabon, The vonotian s = . .2 oapaits that the basing originated as one
landlocked stenctore wu eoreon s e the insd-Cretaceous, when rifting
began boetween the tegions ot Atena and Souath America.
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Figure 3A. Locatioa map of Cretacecous sedimentary basins in Sergipe,
Brazil, and Gabon, West Africa. 3B. Map of the continental
margins as reconstructed by Bullard et al, (1965). Heavy solid
line represents the location and trend of the Propria geosyncline
in Brazil and its extension in Gabon; the jagged line follows the
strike of mylonite zones in Brazil and the Cameroons; the dashed
line locates a geochronological boundary within the Precambrian
established by Hurley et al.(1967). (From Allard and Hurst, 1969.)

2.4 Conclusion

The weight of newly collected evidence supports the conclusion that
crustal units are in motion at rates of 1 to 10 cm per year. Instrumental
measurements of continental drift should, therefore, be fruitful. When the
time comes to select sites for measurement, abundant geological information

will be available for delincating the most active crustal zones.




3. OPERATIONAI. CONSIDERATIONS AND INSTRUMENTATION e

3.

Stanley Ross and Richard D. Michelini

3.1 Test Plan

The initial test plan is intended to cover the period from Jaly 1969 to
July 1970. Wec¢ emphasize that the facilities named below represent our best
choices for implementing the program at this time but that, beyond purely
exploratory discussions that we have held with them, no commitments have

on their part or on the part of SAO for the use of the facilities.

been made
Pending the approval of the plan discussed in this report, SAO wxll move to

establish formally such commitments with. the cognizant authorities at these

places,
L

Threc major groups of experiment tasks are envisioned:

A) Task | is a precursor experiment to be conducted at L band over the
short (8-mi) baseline between Haystack and Agassiz, using independent clocks
at both stations. The goals of this experiment are to check out the Agassiz
VLBI recenving and recording equipment and to acquire some degree of
facility in the procedures involved in obtaining VL.B fringes. This test has

soveral favorable features to recommend it as a "learning' experiment:

— Haystack personnel have already conducted a number of VLBI

experiments, and their participation in starting this program
would be valuablc to SAO.

— All the necessary equipment will be available at both sites for
the test. '

— Since both antenna sites are within the Greater Boston arca, no

estensive travel is required.




— There already cxists an accurate ground survey between refer-
ence points at Apgassiz and Haystack. This baseline can be used
as a check against which to compare distance and directional

information derived from the interferometer fringes.

B) Tgsk 2 involves a scries of tests at C band using the transcontinental
baseline from Agassiz to the Owens Valley Radio Observatory (OVRO).
Existing United States Coast and Geodetic Survey (USC& CS) surveys, com-
bined with existing satcllite data, arce capable of tying Agassiz to OVRO via
Fdwards AFB or Goldstonc to an accuracy of about 10 m, so that it should be
possible 'to compare transcontinental baseline length and direction obtained
by both methods to a significant dc'groo of accuracy: about 50 m i;x basc¢line-

length unce rtainty is anticipated.

The 130-ft antenna at OVRO is mounted on four wheel-trucks that rest on

" a 250-ft cast-west scction of rails. It should be possible to move the antenna ‘
by measured amounts and then attempt to confirm this information by recover-
ing the amount and direction of displacement from the fringc-derived data.
The degree of agreement will give an indication of the sensitivity of the

interferometer.

C) The Task 3 serics has as its primary goal the acquisition of fringes
from an artificial source — in particular, the S-band transponder from one of
the Pioncer series space probes~—and the comparison of baseline pa:ameters
obtained from this method against those alrcady cstablished in Task 2 both
by ground/satellite surveys and by VLBI with natural radio s .« ces. Perhaps
most important, it will help us to understand some of the design and opera-
tional problems involved in satellite interferometry and ther. y lend more
strength to a study of design rcquirements for a satellite-born interferom-

cter source,

An Agassiz-Goldstone link is to be considered. This interfcrometer
would be operated at S band because of Goldstone's commitmert to the NASA
Unified S-Band system. We¢ have discussed with NASA the possibility of

SAO's borrowing S-band recciving equipment; from these di.,cussions, it

appears likely that the cquipment will be made available to SAO as needed.




Ihe Agassiz-Goldstone link itscelf might even be established during
Task 2. Involvement in the Task 2 transcontinental cxperiment would serve to

establish the Agassiz-Goldstone baseline for Task 3.

3.2 Principal Sources of Frror

We anticipate achieving an accuracy of 50 m in baseline length and

about 10 prad in bascline-to-star direction (both figures are order of magni-

tude).

Baseline parameters and stellar positions can be determined to an
order of accuracy that is related to the size of the errors in the obscrvables

through the fundamental relationship

>
\ab = D. § (1)

where \ is the wavelength, A¢ is the phase difference in cycles, D is the
basecline vector, and S denotes the stellar position.  Differentiating, we

find

A “~
ED-S+D.> . (2)

\(A¢ =
When the baseline is perpendicular to the stellar-position vector, then
B~ §= 0. Equation (2) shows that for this configuration the inte rferometer

s >
is insensitive to baseclinc-length ¢rrors; that is, ?D . 8= eDD . 8= 0. This .
is certainly che case, since with such ‘a configuration, cach wavefront is

received simultancously at both stations, irrcspective of the bascline length,

>
W)l‘wn the bascline is paralldl to the stellar-position vector, D- 8-1.
> > A
Then D-eg=0, since eg S = 0. Thus, from equation (2), the more nearly

D parallels S, the Jess sensitive is the inte rfcrometer to errors in bascline-

source dircection.




Expressed qualitativefy, this refers to the fact that if the baseline

pointed directly toward the radio source, then any differentially small rela-

4) would cause the stations to move largely along the

tive rotation (Figure
0’

wavefronts on which A¢ is constant; that is, €Ad =

WAVE FRONTS

RADIO

. \ ' SOURCE
i 0
a8

Figure 4. Bas L (1) pointing toward source.

Equation (2) can be rewritten as

S >
ciAt=eD-g+D-¢S {3a)
or
C(At': ‘D cos 0 - Des sin0 (3b)

where ¢ ~quals the speed of light.

Significant timing crrors arc duc to three principal causes:

alignment crrors at the two stations,

~ clock cpoch-
standards, and

- long-term phase instabilities in the atomic

— bandwidth {or pulsc-rate) limitations of the V1.BI recording cquipment

at the stations.
™.

16




An cpoch-alignment crror causes one clock to run late relative to the other,

The signal then appears to be received slightly earlicr at that station than it

normally should be. This is identical to the effect produced by a slightly
different baseline configuration, Fquation (3b) shows that for the limiting
case 0= 0, ane,, in relative clock error produces an effect comparable to
a change in baseline length of Ceqgt for |0| =nu/2,
Thus, for these luniting cases,

the cffect is comparable

tu & baseline-direction change of ce At/D'
a l-psec cpoch error is equivalent to a change of about 300 m in bascline
length, or ¢ 300/D rad in baseline direction relative to the source.

-

The epoch crror is constant with respect to time and can be treated-as
another unknown to be derived in terms of the observables by extending the
observation schedule,  Such a possibility has already been noted by scveral
authors. In practice, of course, it is necessary to sct the epochs cloge
enough together so that fringes can be found without an unduv amount ot
searching through the records; gencrally, an offset of 10”° scc or better

will suffice to produce fringes readily.

Over sufficiently long obse rvation periods, phase instabilities in the
atomic standards will also produce significant timing errors. Both rubidium-
vapor antt hydrogen-maser instruments have becen considered for use in the
VLBI experiments.  Recent data (Cutler and Vessot, 1968) indicate that it is
reasonable to adopt a s.ability figure of one part inl0 12 for the long-term
performance of rubidium-vapor standards; hydrogen masers are about 1.5
to 2 orders more accurate (Figure 5). Over a full day, then, the maximum
accumulated time error with a rubidium standard can be expected to amount
to 10-7 sce, which, from equation (3b), corresponds to an uncertainty of
30 m or more in baseline length, or ¢ 30/D rad in bascline direction.
A sufficiently high sig'nal to-noise ratio is required to achieve an

acceptable degree of time resolution with the single-window, bandwidth-

limited data channel planned for the measurements. The time resolutidon of




the system can be exprossed in termn of the handwidth and signal-to-noisc
(power) ratio as’

1 o , (4)

€0, - —
At nw)\8TN v

where v is the number of independent oliservations.  In terms of equation
(3b), a 50~ accuracy will require tay tu e bept wathin about 0015 psec
From equation (4), then, the requirved value of SINae about 25 tor a single

obse rvation with a 1.2 MHz bandwidth, and 25 /% v tup v chservations
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Figure 5, Phasc departure vs, abserving time.

“This assumes that the cnergy is constant across the spectral bandwidth
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Fhe signal-to-noine ratio tor a pair of antennas X and y can be expressed
(o f, Pogers, 1967) as
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A range of typical antenna cificiencics, plotted as a function of operating
frequency, is shownon Figure 6. Geometrical arca multiplied by cfficiency
‘ap yiclds the effective aperture arca. To obtain an e¢stimate of the minimum
source atrength veguired for the measurements, let us choose a pessimistic
value of (ap s 0.2 and adopt a value of 30 m as being represcentative of the
geometrical dimension of the antennas to be used in the experiments, Then,
Dx . Dy = 200, L.t us also adopt a value of Ts = 250° K as (conservatively)
characterizing the systems to be ased; SO assumes a value of about 13 flux

units.
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Figure 6. Range of typical autenna officiencics va, frequency,

Now, under more optimistic assumptions, with Dx . Dy = 400, and

Ts = {65°K, S() assuthes a value of about 4. We conclude, then, that source

strengths of order 5 to 10 flux unitas should suffice for measurement
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accuracies of 56 m with the systems discusscd in this report. Thus, finding
appropriate sources does nct appear to be a very scrious problem at this
stage, and the matter becomes primarily one of choosing stars that are
most favorably positioned relative to the adopted baselines. The problem of
optitnizing the choice of stellar-source position will be studicd during the

next phase of work.

In summary, then, the greatest uncertainty in timing appears to be due
to epoch misalignment errors; howcever, these can be compensated for.
f.ong-term phasc instabilitics and recording-bandwidth limitations should
contribute an uncertainty of not more than about 50 m, and this figure might

be reducible somewhat by exercise of due care.

3.3 Radiv-Antcenna Survey

.

The antenna survey concentrated on sites whose locations and operational

conditions favored the goals of the experimental measurement program,

Four criteria were adopted to guide the site survey. We looked for

insta'lations at which there would be the following:

A) Relatively liberal availability of the equipment over the extended

poeriods of time necessary to carry out the program.

B) Antenna sites whose distances and directions {rom one another are
known (or v casily be determined) to an order of accuracy commensurate

with the sensitivity of the interferometer system to be employed.

C) Meuveable antennas on rails or two or more antennas located near
onv another. If a moveable antenna formed one terminal of an interferometer,
then woe could use it at two or more positions and attempt to confirm the
measurced changes in distance and direction by recovering this same informa-
tion from the fringe data, Similarly, if cach of a group of two or more
closvly spaced antennas in turn formed an inte rferometer terminal, attempts

could also be made to copfirm the relative distance vectors between them by

means of fringe data.
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a) Agassiz Station (Harvard-SAO) b) Owens Valley Radio Observatory
(Cal-Tech)

¢) Haystack (MIT-Lincoln Lab) d) Goldstone (JPL-NASA) i

Fig. 7. Antennas,




and better than 5 m in clevation above the reference ellipsoid. Thus, the
two sites can be connected via the survey with an accuracy thdt is compara-
ble to that obtained between cameras 9113 (Edwards A.F. Baker-Nunn) and
9050 (Agassiz modificd K-50) in the preliminary combination results of the
dynamic, geometric, and Jet Propulsion Lakoratory (JPL) data.

The Haystack Facility (Figure 7¢) is of interest as a terminal in a pre-
liminary experiment with Agassiz that could be ased both to calibrate the
Agassiz cquipment and to pe rmit SAO pe rsonnel to familiarize themselves
with the operational procedures involved in operating a VLB inte rferometer.
The prior utilization of this antenna for VLB work and the experience of
Haystack personnel in this regard have already been noted. On the other
hand, Haystack recciving equipment is limited to operation at L. band and
X band only, and the facility is not freely available on a regular basis, owing

to its heavy schedule.

Goldstone has four Ss-ft dishes and a fifth of 210-ft diameter, all
operating at S band. Of the former four, two arc cquipped with pelar inounts,
one with an azimuth-elevation, and one with x-y. The azimuth-clevation
instrument (Figure 7d) is the only one used for rescasch-and-development
work, the others being dedicated to flight-project applications. Goldstone
is one of the sites from which Pioncer satellites arc tracked, which is
advantageous from the point of view of satellite-source inerferometry {see
Scction 3.4). A Goldstone-Canberra VLB link using Pioncer 8 was achieved
last year and was reported in the SAO Phase-1 Report on Continental Drift.
Goldstone can also be linked to Agassiz via existing ground and sat-llite

surveys to about 10 m.

The University of Illinois antenna is currently under construction at
VRO in Danville, Illinois, It will be of' 120-ft diameter, on rails, and equa-
torially mounted. Prof. George Swenson, under whose direction the construc-
tion is proceeding, is personally very much interested in participating in a
joint SAO-VRO program of geodetic mecasurements. Consequently, the

antenna shculd be readily available to us. The largest drawbaci-s seem to
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be in the uncertainty of the construction timetable, which makes it difficult
at present to establish a specific experiment schedule, and in the antenna
design, which may make it unsuitable for work at wavelengths shorter than

12 cm.

3.4 Artificial Radio Sources

Successful operation of a Goldstone-Canberra VLB interferometer using
the S-band transponder on Pioneer 8 was noted in the Phase-I Report for the
Continental-Drift Study, We investigated the possibility of using this satellite
or another suitable onc for a similar experiment. Three candidates were
found: Pioncers 8, 9, and 10. The first two are currently in orbit, and the
last is to be launched in June of this year, all in heliocentric orbits of about
l a,u. The transponders operate continuously at a ffequency of 2292 MHz;
the signals are linearly polarized. Pioneer 8 was launched December 1967
into an orbit of 1.1 a.u. aphelion, and it now traiis the earth somewhat,
Pioneer 9 was launched November 1968 slightly inside the carth's orbit and
is leading the carth, Signals from both probes are still being monitored;:
input power levels of -160 dbm from Pioncer 8 and -150 dbm from #fionecer 9
have most recently been measured at the 85-ft Pioneer dish at Goldstone,

according to the Pionecer project office at NASA/Ames,

Pioneer 10 should be the most attractive of the threce i it reaches its
planned orbit, which will be almost identical to that of the carth. There
should be a chanc. of tracking it for up to 12 hr per day, from horizon to

horizon.

We also investigated the ATS synchronous satellites in orbit. Only
ATS | and ATS 3 arc viewable from the continental United States. Thie
former is situated at a longitude of 150°W; ATS 3 is moved at various times
between 47° and 90°W ard is jointly viewable from Mojave and Rosman
Stations. One major drawback is that the transmitter frequency of 4 GHz
docs not match the receivers available at the sites under consideration for

the experiment program. No suitable ATS satellites are planned for the

near future.




3.5 Instrumecntation

The selection of radio-tclescope sites to carry vut the short- and lonz-

baseline experiments will in pa.t depend on the availability of instrumenftas-

r of sites of suitable geographical location, cach cquipped
the quantity of

tion. Given a numbe
with antennas that can be used to define the bascline distance,
ntation that must be provided by the expurimenter nas been a strong
Included in the list of

d front-

instrume
consideration in selecting an cconomical bascline.
ntation are the terminal antenna; the radiometer, or so=-calle
or back-cud;

instrume
¢nd: the data-frequency conditioning and recording cquipment,

and the timing and frequency-control subsystems,

A principal requirement on each possible sct of bascline antennas has

been a moderately high signal-to-noise ratio. This is necessary to permit

sufficient time resolution with the single-window, bandwidth-limited data

channel  planned for bascline measurements, Acceptable time resolution

was shown to be achievable in Section 3 with S/N = 25. Fquation (5) showed

the signal-to-noisc ratio for a bascline pair of antennas x and y to be of the

form

[ ;
T (T

N
—_— (BWyt
T T

x y

2\
/

where T is the antenna  tempuerature, Tq is the syatem temnerature, and
€ Ly

T is the integration time,

Taule 2 shows representative values of S/N calculated tor the scveral

experimental bascelines, These vatues are based on an intcgration tinie of

100 sce and a bandwidth of 1.2 MHz, The source strengths used are

representative of mode rately strong nonresolvable sources: they range from

14 flux units of !'. 6 GHz to 3 flux units at 5 GHz, Worst-case antenna offi-

ciencics shown in Figure 5 were used in making the calculations. These
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tabulated values indicate that the desired time-delay resolution can be
attained with suitable margins allowed for instrumentation effects, Fyen
with the comibination of a relatively small antenna and high-temperature

receivers, a S/N ratio of greater than 10 is possible.

In practice, the Agassiz-Haystack baseline will probably operate at
1.6 GHz so as to accommodate availabie receivers: however, the Agassiz-
OVRO baseline will be used at 5 (Gillz, since instrumentation will be available

at both sites for this frequency, and higher accuracy results are required,
3.5.1 Antenna-sclection criteria

Discussions with the resident staifs of several cbservatories have been
held during Phase I of this study to halp select appropriate terminal sites.,
The 130-ft reflector at OVRO (Rule and Gayer, 1668) is expected to give
good surface conformance (within t 0, 1\)} at wavelengths down to 5 em (the
range from | tot Glz)  Final surface adjustments may permit operation
down to 2 to 3 em. The Jarge anterna will have about a 6. 5-min beamwidth

at C band, and the pointing accuracy will be a highly precise 20 arcsec,

Similar roquirements are casily met or surpassed by the 120-ft

Haystack dish and by several dishes at Goldstone and other NASA stations.

The B4-ft Apassiz dish has asurface accu ratov cnough to provide tolerable
aperture and beam cfficiencies up to C-band frequencies.  The previous
limitation of pointing stability under wind loading will be removed by modify-
ing thc mount to hold a setting within 2 arcmin in winds of 25 mph. The dish

is cquatorially mounted.
3.5.2 Tront-end requirements
The Agassiz terminal requites a C-band radiometer system roughly

similar to that depicted in Figure 8. The basic components are 14 antenna

feed, parametric amplificr, IF converters and amplifiers, and associated
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The data-processing technique to he waed is hased on wide-bandwidth
digita) recording at the antenna sites, with playback, cruss corrclation, and
fringe-phase processing pertormed at SAO in Cambridge. Figure 9 shows
the processing system with & specialapurpase croga-cor relator to provide

high-speed correlation of the site recordingn,

A sanipled-data, digital-recording technique (Rogers, 1968; Moran,
1968) is proposcd for the generation of delay mapping data. This method is
preferable to analop video rec ording with analog correlation (Yen, 1968)
because it pertnite much cagier time synchronization of the recordings and ig
more compatible with tost existing VLEBI terminals. With analog systems,
precise time=bane control of the video recorders is very difficult to achieve,
even with expensive, high-quality quadrature recorders. Bandwidths up to
1.2 MHz are obtainahle with the prouposed digital recorders, and while this
is somewhat below the maximum bandwidth that can be achicved with video
recording, extension to higher bandwidths should be feasible with digital
recorders that will soon be available.  The precise frequency standards
needed for indepondent-clock interferometry can vanily supply the time-base

stability required for the data digitizing.

The use of a apecial-purpose-channel digital correlator permits large
3
quantitics of data (up to 107 bits per observation period) to be reduced
without requiring tmipractically long prriode of proceasing time on a gene ral-

purpose computer.,

The VLIBI data-rccording back-end (Figure 10) receives a signal derived
from an intermudiate IF atage and conve rts it into a filtered video signal,
with a bandwidth of approximately | Mlz This signal is clipped and sampled
at a 2-Mllz rate derived from the timing system, The digital data are then
shifted into a ninc-track digital recorder,  Various editorial formating ise
synchronously done in the furm of record gaps and tape-drive signals, Time-
synchronization Jdata cai also be placed on the tape records, Identical
recording systems at cach terminal will be capable of maintaining synchron-

ization to within 1-bit resotution.  Appropriate corrections to remove aliasing
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Figure 9. Data-processing schematic,
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crror (from the bipolar sampling process) and to compensate for the finitc
sample size will be applied in the correlator, It should be noted that the

timing base is locked to the same atomic-frequency soarce that drives the
local oscillators in the front-end for the coherent conversion of the stellar

radio signals,

Most of the cquipment preceding the digital-tape transport shown in
Figure 10 can be casily fabricated trom comme reial digital modules,  To
pe rmit exploratory VLBI work to begin at minimum cost, we intend to rent
the relatively expensive digital recorders; we can then more casily take

advantage of future improvements in practical recording rates,

Onc possibility is to usc as a correlater a specially programmed version
of the H13 processor now being constructed by HCO-SAO undcer the Radio
Mcteor Project (Schaffnor,ml 966). ~This ‘on~line processor will perform up
to 16 delays over a sampling interval and provide ‘singlo-bit correlation
products at rates up to 2. 5 MHz. Up to four accumulations can be exccuted
in parallel,  The use of this processor will reduce by a factor of 5 or 6 the
peneral-purpose computer time needed for the project., More advanced
(o rnioas of this processor will also be able to transform hy fast Fouricr
analysin the ¢orrelation outputs and to compute directly the corrected delay
tin s sathout the necessity of using a general-purpose computer.

3

3, 9.4 'iming and frequency control

t.ach station requires an independent frequency source of the highest
quality available. We plan to install a currently available rubidium-vapor
frequency source (¢ither a GTC Modcl 3048 or 307B) at the western terminus
of the long vast-west bascline. Such a source will have afrequency stability
st ehout | part in lOlz pe rmitting the initial aspects of the basclinc-counfirma-
tion eaperiment to be satisfied.  The substitution of an improved source,
such as a hydrogen mascer, will result ih an immediate increase in resolution

and permit ohservations over periods of sceverar hours.

[
(¥




A hydrogen mascr r.ay be available for the Agassiz facility. If it is
not, a rubidium frequen :y standard similar to that mentioned .bove will be
installed. Both rubidium units are currently available at SAO, At the
Haystack site, a hydrogen maser (Varian Model H10) is alrcady installed

and accessible for VI Bl applications.

E.ach station wiil also require a means of sctting its clock to some
coordinated time standard and maintaining synchronization with others. The
maximum allov 'ole time error must ' such that the two digitized records
can be matchee bit by bit, If the firat bit of cach data stream is synchronized,
succeeding bits wiil be matched without requiring continuous synchronization.
Thercfore, the relative time at two stations must be known to within a fraction
of the reciprocal bandwidth AT. It should be noted that initial timing errors
of several microseconds are acceptable (Cohen, 1968) since successive esti-
matcd delays can be applied to the data to achicve initial signal detection. If,
however, the time synchronization is equal to AT, subsequent data tapes

taken scveral hours apart can be correlated without a delay search.

The establishment of this degree of timing synchronization will permit
L 3
traceability to a coordinated time standard [UTC(USNO), for instance] to
within the accu acy required for stellar-position fixes and the solution of

the baseline equations.

The requisite timing precision could be achieved by portable-clock trips
from a master clock. However, terrestrial radio methods or satellite
transponder transmissions would be a more convenient means of setting the
clocks and checking clock drift. Most interferometer systems now use
Loran-C navigation transmissions for time calibrations accurate of 1 usec,
using visual cycle sclection. Resolution to 0.1 psec is possible if automatic
phasc-tracking rece «ors arce usced (Shapiro, 1968), Such settings would be
coordinated with the UTC (USNO) time scale.
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For terminals such as Apassiz, llaystack, and those in the Midwest, a
timing system bascd on Loran-C and portable-clock settings is satisfactory.
Strong pround-wave rceception from the Nantucket and Dana Point slave
stations of the East Coast chain makes propagation uncertainties minimal.
Figure 11 depicts such a system using a synchronometer a. both an accum-
ulator and a synchronous comparator, A.phaSv-tran receiver with visual
sclection is employed,  Frequent calibration of the timing system will be
done by meane of portable quartz-crystal clocks circulating between the sites

and the SAO master clock in Cambridge,

Unfortunately, reliable ground-wave reception of Loran-C radio signals
is not possible at some West Coast sites, Conscquently, a system of some-
what reduced accuracy, shown in Figure 12, will be used. Frequent
portable-clock sets with a rubidium clock will be uscd to hold the station
drift te within 2 or 3 pscc. This will be reducced to an uncertainty of 1 puscc
by monitoring VLF station WWVL, which is ¢xtremely predictable diurnally

over short, well-known paths. If possible, this system will also be aug-

mented with a Loran sky-wave recceiver, which is capable of producing

similar accuracy.

Both these timing-system designs are based on past SAO timing experi-
ence and will utilize the coordinated facilities of the SAO master-clock
station, which was cstablished for synchronizing and defining time within the
global SAO satcllite-tracking network.
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4 CORRECTIONS FOR TROPOSPHERIC AND IONOSPHERIC EFFECTS
Michael R. Pearlman and Mario D. Grossi

The measurement of the tropospheric and ionospieric perturbations that
affect the proposed VLBI observations is a fundamental step in the attempt
to meet the goals in baseline-length accuracy that are of interest to the
geodesist and that are required for detection of continental drift. The use
of models to estimate these perturbations is advisable only for the initial .

phascs of the project when the accuracy goals arc still modest.

The ultimate method must be a direct probing (at each terminal of the
VLBI) of the troposphere and the ionosphere along the line of sight of the

VLBI observations. The probing must then be done as nearly simultaneously

as feasible with the VI.BI observations,

If the ionosphere were the only plasma medium that had to be taken into
acéount, the problem would not appear particularly difficult. One way of
solving it would be to use X-band (10-GHz} or higher frequencics, where
the ionosphere is transparent and the related corrvction terms ar:s negligible,
There remain, however, the column of electrons and its gradicents in the
interplanctary and interstellar regions between the radio star chosen for the
V1.83I observations and cach terminal of the interferometer. Typical columnar
densities of lOZO ol/cm2 characterize these paths, as cumpared to the
10'2 vl/cma of the earth's ionesphere. This colun'n introduces both a
refractive 'bias' and random fluctuations in the phase of the arriving wave
front, effects that cannot be disregarded even at the X band. Recent
measurcments (Antonova and Vitkewich, 1968) show that these perturbatiors
are measurable and that they are characterized by periods of 1 to 1.5 years.
Onc would indeed expect periods of this length when-the motion of the carth
in its orbit and the ccnsequent change in length of the column of electrons

to the radio star are considered,




A way of removing this difficulty and of solving the problem of wave
propagation in the various plasimas mvolved is to perform VLBl obscrvations
of the radio star at more than one frequency (Shapico, 1969) and to measure
the change in angle of arrival (anpular motion of the interference fringes)
from one frequency to the other.  The assumption is that the ray paths at
the two frequencies are clese enough to cach otho r to make this technique
pussible but still separated by a sufficient amount to make the disference in

the apparent angle of arrival detectable.

For the tropospheric corrections, the measurements are more difficult
and a continuing rescarch eftort is necessary in order to gencrate a worhkable
approach., During the Phase-11 study program, we evaluated the possibility
of using atmospheric laser backscattering to provide the density profile of
the troposphere along the direction of observations,  However, the Mie
scattering from dust ieeosols was found to be comparable to the Rayleigh
scattering from the air molecules,  An approach using multicolor lasers
with range-doppler=polarization measurement techniques would make it pos-
sible in principle to discriminate among the number densitics of the various
acatterers and to obtam the needed tropospheric columrar refractivity.
However, since the instrumentation for this approach is quite complex, we
are looking into an altogether different one,  The system we are considering
appears feasible, acearate, and less expensive; one or more balloons
(powered, air-launched, or tethered) cquipped with retroreflectors would be
launched above the troposphe re to poiats located along the direction of the
VI.BI observations. Maximum heights of aboat 20 ki appear possible. The
VLB terminals wonld then be cquipped with a three-frequency ranging sys-
tem (two lasers and a C-band or X-band radar).  From the ditfereatial group
detays thus obtained, the columnar tropospheric refractivity could be derived,

including the dry and wet terms.

Some work has been done with similar multifrequency techniques (Wood
and Fhompson, 1968; Owens and Earnshaw, 1968). These investigators
have used the atmospheric dispersion to measure directly the columnar

atmospheric refractivity along a path of interest. They measure the relative
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phase delay of RF modulation on several optical and radio carricrs (at
different wavelengths) and reconstruct the atmospheric correction and the

associatew corrected path length,

Since the vonstituencey of dry air is tarely uniform along any columnar

direction, ‘he index of refraction of the we N e ten be written in the form

b .
Nair(k)-l I = {1\“(\)- | l vk, 1) ) (1)

where N (N) is the refractivity under standard conditions (15 ¢, 7ou pun Hy,

dry air, 0,03 (‘.02) and U (1, ) = /I contains the pressure P and temper-

ature T information and is accordingly an implicit  function of altitude. The

path-length difference between beams of two wavelengths 3! and \3 vharacter-
ized by group indices of refraction Nq()\l) and Ng(\z) is piven by

S
0

_ Ly s ,
Ly = Ly = (Ngl - Ng_)) f Uu(P, TYds (2)

where s is the range along the path of interest.  (Water vapor will be intro-
duced later.)  The phase delay along a given path through the atieosphere

iy then

N}i()\l)—l
by - 1.:f{ Na.“_(\‘% P {ds = Ng”‘l) - Ng(\,f“'l S VTS DR R}

Assuming a standard atmospheric constituency (0, 03% CO,), the
-~
index of refraction for dry air is given by the Edién tormula (Thompson

and Wood, 1965):

' 2 21
N -1t PURRYPRPSRVRNY L I LY. 3w RPN E LR LY. S AL
o ® | | [1ho - (1/2)%) [ - (/%)

(4)
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while l.I - 1o, can be measured by the modulation- phase comparison network,
-

Sinee the dry-mr atmospheric dispersion is very large in the optical region,

we recotamend two widely separated optical waveleopths (red and violet) for

the dry-~atmosphere propagation corrvection,

NDevigtion from the standard aip constituency will sliphtly afteot the dry -
alr dispersion velations, but even with ('1.)‘,. whivh will probably inteodace
the largest anvertaintios, a tactor ol 3 or b inveease in total content will only
introduce a ranging ervor of 1o at aenith (Phayer, 1967), The sensitivity

ol b= Lote o vaviations in b, « b s

l | ‘
N “‘l) -
- v ' YN T ) - ‘ —~ 'r ¢ - ]l . {
(1. - 1) NN V) By - b g By - T) i)

The dispersion across the optical region gives an a of about 0,1, and

LU B B UK PR DS B (0)

.

Uhe range delay error due to the anacoounted presence of water vapor
has been caleulated (Thompson and Wood, c96h) and iy tabulated in Fable 3
for a 1O0-kiy horizontal path, The case along the cenith can be approximated

by vonsidering an averape vapor pressure over the fiest seale height of the

atmosphere (8 k). .
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where
N, ) = N () -
for this case. Thayer (1967) has solved the three-frequency system cquations

for a horizontal propagation path and obtained the atmospheric delay as a

function of the measured path difference.  His results take the form

aB, aB,
Ly - L= By (1 e T )Ly - L)+ By (14— T )y - 1)), ()

wherpe Bl and B2 are constants related to the wavelengths used in th‘v system,
and T is the average temperature over the path, For a system containing
L 6943 A, Ay = 3660 A, and A\, = scveral contimeters, Thayer

finds

. -t ot e 0.07365 =
L, -d.7 10,6542 (0 - 300 107" Ty (1, - L)) - l.oznﬁ(: F 0213 ‘,T)u. -1y

(8}

t hee radio atiuospherye correction is an order of magnitude le s sensitive

to variation in (!.5 - l'.‘) than it is to those in (!.2 - !.l),

for a vertical piath ander condiions that reguire the three-frequency
technigue for accuriacy, soe method will have to he foul 1o handie the
temperature dependens e introdaced by te palar water-vanor teras, Since
the ncale height of the water vapoar iw only a few kilomoters, low-altitude
temperature profile s may be satficiont to abtain reanonable resalts. Con-
siderable cvalustion is stal) required 1o test the feanihility of the theee.
wavelongth system an o probing tes haigae throagh the atimonphere and thea

th teat the acouracion it which sach a syrtein condd gporate.
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We are considering o two-treguendy radio-interierometer experiment
in which the dispersion of the baaaplie s and interplanetary clectrons will
he used to handle the phoae e bag s oot fy these media (Shapiro, 1969).
This system woulth et sie e 0 s a svcamdanicrowave frequency

for jopospheris coge w0 T b haer, 19a7).

The mndtypbe e o : o ecvang e himgue deseribed here
does nut aecnunt o o © oo oo poad peath dengths)  Besides,
turbulence ey o Fs e sl c 0 at cach pathon o different manner.
Optimunm opefation o o .0 © . astt e himited to conditions
where the vareaus qeathe oo w0 0L g ke p et i ally coincident.

The optical instiunentataeg oy the bwos dioguency awtmospheric-correction
system has been deve loped b oo and Woodl, and others,  Although
it has only heen used hetweep surtace - based terminals, there appears to he
no obvious ohstacle 1o using the syatemn with o balloon-bhorne terminal or
retroreflector.  The simplified general aystem is shown in Figure 1.
Details of such systems are dealt with at length by several authors (Waoud
and Thompson, 1968 Qwens and Barnshaw, 1908). These optical ranging
devices have been used over path lepgths of £9 ki and appear to have the
capability of operating over mnch longer ranges with same modifications,

bt the teacking capabibiny will cogquire some special ffort,

Referrving to Pigure 13, the path length ditterence between )‘i and )\.‘, in

whope ki the modulution wavelength given by M = of/f. The twe channels
st he calibratod to reminve any systematic error. Phase -coniparisoen
networks do exint that are capable of dise viminating phase differences of leds
than 10 } wavelepgth,  Acoapiding to Owens ot Envisonmental Sciene
Servicon Admpmutration (ESSA) (private comaenication) optical maodulators
capable of aperating ot 100 Mt/ o reascnable, and so we ombed cxXpest tn

Achicye o systom senmitiaty of a fraction of 1 om [ae0 cquation (6)} .
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Figure 13, Block diagram of probing system,

The addition of a third frequency (microwave band)to the system is
atraightforward and has heen already periormed successfully by Wood and
‘Thompson at ESSA (private communication), For our application, the

third freguency could he proviucd by a tadar working in the X -band region,
and it is conecivable that the microwave carrcier could he nged as modulation

for the optical frequencies.

The approach degeribed above in capable of measuring the propagation
dirlay through the attosphere and can canily be adapted for absolute range
meansureneats,  Frequenty or amplitnde cading can be added 1o one of the
transmittod hews (either optie al or mbs rowave) to enithle us to mke

Minolute titneaaf-flight measuroments. Fhompron il Waodd have o miodula-
tion Freqg cacy- 4hift technigue (1o take 1anging data) that conld also be divectly

pplicd o onr nystent

At height of 14 ki, B9% of the attnngphoere and canemially all the
variahility e helow the hatloon, and a goad ditforential- phase path
mieanuretnent should vedace the atmnsphepic propagation delay vreore o

centimoetors.
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For the optimum system, the balloon must track the radio star across
the sky. Angular separation should be no larger than is required to run both
radio and atmospheric operations gimultancously. Radio-interferometer
measurements will be taken aover short imur\.lnls (several minutes), where
stellar motion will be Limited to ahout 1 . We will investigate the possibility
of tracking for longer periods with powered balloons, by utilizing the pre-
vailing winds or by relying on multiple-balloon arrays. For a single- or
multiple-bhalloon system positioned within 1 “ of the line of sight of the radie
star, the columnar probe i3 at most a fraction of | km from the radio
obscervation path (0.25 km at 15-km altitude). Thompson at FISSA (private
¢ nmmunication) has shown that the columnar phase delays over paths separvated,
by 2 km are very well vorrelated | but this will have to be verified.
Refractive bias may differ only negligibly over paths so close, but variability

could limit our experimental acouracies.

Rather than carry large amounts of cquipment ahoard the halloon, we
would use an optical petroretlector and do both the laser transmitting and
dotecting at the ground station. The microwave operation will probably
require that sume detection and transpender uquiprm-n'l be air-borne. A

halloan-horne retrorcilector is also usable for the radar.

pPap the cane where v ontinental-drift measureinents are attempted by
watellitectracking techniques instead ot by VLB radio-ant ronainical
approachen, the tropospherie and innogphieric corredtions can be abtained
more readily, Pow the satellite-rracking s stem, the gatellite itaell could be
used an the tarpget carrying the transpoander or peeviver,  Fhin s the ultitnate
in a"rs'pvrinu-nwl technigue (easurang the vorrection ovey the + ntive path by
the four-freguency technigue), ‘Lhe problems of vange and tacking must, of

course, still be aurmonnted,
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